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1 These two authors contributed equally to this worA nucleoside diphosphate kinase-1-disrupted (ndk-1RIP-1) mutant was observed to be defective in aer-
ial hyphal and conidial development. In this study, two types of hyphae, ﬁne and thick, were observed
in wild-type (Wt) strains. However, only ﬁne-type hyphae were observed in the ndk-1RIP-1 mutants.
The ndk-1RIP-1 mutants were stimulated by oxidative stress and constitutively expressed an antioxi-
dant enzyme catalase (CAT)-3. Furthermore the ndk-1RIP-1 mutants could form thick hyphae by
oxidative stress and a disruption of cat-3. These results suggest that the loss of thick hyphae in the
ndk-1RIP-1 mutants may be caused by the over-expression of cat-3.
 2009 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
Nucleoside diphosphate kinase (NDK) is a major supplier of
nucleoside triphosphates (NTPs) by a reaction that catalyses the
transfer of a phosphoryl group from nucleoside 50-triphosphates
to nucleoside 50-diphosphates [1]. NDK is highly conserved in
many organisms and is thought to maintain the cellular pool of
NTPs. However, many studies have reported that NDK regulates
not only the pool of NTPs, but also cellular signalling in mammals,
such as cellular proliferation, differentiation and tumour metasta-
sis, and photo- and stress-signalling in plants [2–6].
In the ﬁlamentous fungus Neurospora crassa, we identiﬁed NDK-
1 as a blue light-signal transducer [7]. To investigate the biological
function of NDK-1, we isolated a mutant of ndk-1 whereby proline
72 was replaced with histidine [8,9]. From biochemical analyses,
the NDK-1P72H mutant did not show signiﬁcantly reduced NDK
activity but did show signiﬁcantly reduced autophosphorylation
and protein kinase activities [9]. The ndk-1P72H mutant showed a
defective phenotype in light-induced perithecial polarity and hy-
per-sensitivity to oxidative and heat stress [9,10]. Because the lev-
els of stress- and light-induced catalase decreased in the ndk-1P72H
mutant, we investigated and detected an interaction betweenon behalf of the Federation of Euro
oshida).
k.NDK-1 and catalases (Cat-1 and -3) [10]. Neurospora has three cata-
lases, Cat-1, -2 and -3 to detoxify H2O2 into water and oxygen
[11,12]. These results suggested that NDK-1 controlled Cat-1 and
-3 in response to oxidative stress and light at the transcriptional le-
vel. Furthermore, we obtained an ndk-1-disrupted mutant (ndk-
1RIP-1) using the RIPing method [13]. The lack of ndk-1 caused
defective differentiation patterns, no formation of aerial hyphae,
no conidiation, and hyper-branching during hyphal growth. In this
study, we report that the ndk-1RIP-1 mutants lack thick type hyphae
and that the disruption in hyphal development was partially
caused by the over-expression of catalase.2. Materials and methods
2.1. Strains of N. crassa and growth condition
The Neurospora Wt strain 74-OR23-1A (FGSC #987) and Dcat-3
strains (FGSC #11201 [14]) were obtained from the Fungal Genet-
ics Stock Center (School of Biological Sciences, University of Mis-
souri, Kansas City, MO). The ndk-1-disrupted mutant, ndk-1RIP-1,
was isolated previously [13]. The ndk-1RIP-1; Dcat-3 double mu-
tants were generated by crossing ndk-1RIP-1 with Dcat-3. Oxidative
stress sensitivity was measured by the apical extension rate of
mycelia on solid Vogel’s medium (Vogel’s salt mixture, 2% sucrose
and 1.5% agar).pean Biochemical Societies.
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For the observations using a scanning electron microscope
(SEM), mycelia were inoculated into 100 ml of Vogel’s liquid
medium in 500-ml Erlenmeyer ﬂasks. After the cultures were sha-
ken (100 rpm) for 24 h at 25 C, the mycelia cultured in Vogel’s
medium were harvested on ﬁlter paper by vacuum ﬁltration. Hy-
phae were dehydrated stepwise with a series of ethanol solutions
(50%, 75% and 100%) for 30 min per step and the ethanol was grad-
ually replaced with t-butyl alcohol. The samples were freeze-dried
(HITACHI ES-2030) and sputter-coated (HITACHI E-1020) and ob-
served with a SEM (HITACHI S-2250N). For the observation of aer-
ial hyphae, mycelia were inoculated on sorbose solid medium
(Vogel’s salt mixture, 0.05% fructose, 0.05% glucose, 2% L-sorbose
and 1.5% agar) and cultured for 2 days at 25 C. Single aerial hy-
phae developed from mycelial mats were isolated using a tungsten
needle under a stereomicroscope (Carl Zeiss stemi 2000).
2.3. Determination of hyphal growth rate
Conidia of the Wt strain and mycelia of ndk-1RIP mutants were
inoculated into 200ml of Vogel’s liquid medium and cultured for
24 h at 25 C. Mycelia were washed with fresh medium and inocu-
lated on Vogel’s solid medium on microscopic glass slides and cul-
tured for 2 h at 25 C. Hyphal growth was observed through a phase
contrast microscope (OLYMPUS BX50), and the length of the mycelia
was measured every hour to determine hyphal growth rates.
2.4. In-gel assay for catalase
For the in-gel assay, catalase activity was determined as de-
scribed previously [15]. Brieﬂy mycelia were disrupted in aFig. 1. Observation of ﬁne and thick hyphae. (A) SEM images of ﬁne hyphae in Wt (B) thic
the SEM images. (D) Image of aerial hyphae in Wt, developed from sorbose-cultured myc
hypha in Wt is observed by phase contrast microscopy. The open arrow indicates the c
100 lm. (F) Image of hyphae in ndk-1RIP mutants developed from sorbose-cultured myc10 mM potassium phosphate buffer, pH 7.0. The homogenates
were centrifuged at 12 000g for 10 min at 4 C. The resulting
supernatant (100 lg protein) was load onto a 6% native polyacryl-
amide slab gel. The gel was immersed in 10 mM H2O2 for 10 min,
and then in a 1/1 mixture of freshly prepared 2% potassium hexa-
cyanoferrate (III) and 2% iron (III) chloride hexahydrate. Catalase
activity was visualised as a band where H2O2 was decomposed
by catalase.
2.5. Northern blot analysis
Northern blot analysis was performed as described previously
[16]. Probes of cat-1, cat-2 and cat-3 were ampliﬁed by PCR using
Neurospora genomic DNA as a template. The primers used for
the PCR were as follows: cat-1/F: 50-aagcttgatcatgcgcttcgaccac-30,
cat-1R: 50-aagctttggacggtcgagccattg-30, cat-2/F: 50-gagctcgtgctga-
gaccacatggttg-30, cat-2R: 50-gagctctcctgcttgagatcgaacc-30, cat-3/F:
50-aagcttgagtcgttcatgcccgtg-30, and cat-3R: 50-aagcttgccgtccttctc-
gagctg-30.
3. Results
3.1. Thick hyphae were not observed in ndk-1RIP-1 mutants
To examine the morphological characteristics of ndk-1RIP-1 mu-
tants, we observed the hyphae in the Wt strain and ndk-1RIP-1 mu-
tants. Two types of hyphae were observed in Wt, a ﬁne type
(hyphal diameter, approximately 3 lm) and a thick type (hyphal
diameter, approximately 10 lm) (Fig. 1A, B and Table 1), whereas
only the ﬁne type of hyphae were observed in ndk-1RIP-1 mutants
(Fig. 1C and F). To compare the characteristics of ﬁne and thick
hyphae, we used a scanning electron microscope (SEM). The ﬁnek hyphae in Wt and (C) ﬁne hyphae in ndk-1RIP mutants. Scale bars indicate 10 lm in
elia, taken under a stereomicroscope. Scale bars indicate 500 lm. (E) A single aerial
onidia, and the closed arrow indicates the thick type of hyphae. Scale bars indicate
elia, taken under a stereomicroscope. Scale bars indicate 500 lm.
Table 1
Characteristics of ﬁne and thick hyphae in wt and ndk-1RIP mutant Neurospora crassa.
Hyphal diameter (lm) Growth rate (lm/h)
Wt
Fine hyphae 3.25 ± 0.26 32.0 ± 25.7
Thick hyphae 10.17 ± 1.08 1412.0 ± 111.6
ndk-1RIP-1
Fine hyphae 3.66 ± 0.32 283 ± 30.1
Thick hyphae N.D. N.D.
Hyphal diameter and growth rate. Mycelia cultured in liquid medium were inoc-
ulated onto solid medium on microscopic slides. After 2 h of culturing hyphae were
observed by microscopy every hour and the hyphal diameter and growth rate were
measured. Experiments were performed independently in triplicate.
B. Lee et al. / FEBS Letters 583 (2009) 3291–3295 3293hyphae were circuitous and branched, whereas the thick hyphae
were straight and strong (Fig. 1A and B). The growth rate (lm/h)
of thick hyphae was about 4-fold that of ﬁne hyphae on Vogel’s so-
lid medium (Table 1). In most aerial hyphae, conidia were devel-
oped from thick hyphae (Fig. 1E). Thick aerial hyphae grew to
resemble a trunk, and most of the conidia that formed at the tips
of ﬁne mycelia developed from the thick aerial hyphae.
3.2. ndk-1RIP-1 mutants over-expressed catalase-3 and were stimulated
by oxidative stress
Because we had previously found biochemical and genetic
interactions between NDK-1 and catalase [10,17], the lack ofFig. 2. Effects of oxidative stress and antioxidant enzyme activities in Wt and ndk-1RIP-1
and the catalase activity was determined by the in-gel assay. (B) Northern blot analysis
values of the Northern blot analysis. The abundance of mRNA was calculated relative to
value is the average of three independent experiments with standard error bars. Relative
(C) and 0, 1, 5, and 10 mM H2O2 (D), as indicated. Culturing was performed in 30 cm ra
determined. Relative values were calculated using the values obtained for controls of Wt a
liquid media containing 0.5 mM methyl viologen and 5 mM H2O2. The arrow indicates tndk-1 may affect catalases in ndk-1RIP-1 mutants. We found that
the levels of catalase-1c and catalase-3 were much higher in ndk-
1RIP-1 mutants than in Wt, based on an in-gel assay (Fig. 2A and
Supplementary Fig 1A). Cat-1 shows different oxidative patterns
(Cat-1a, b, c, d and e) in zymograms [15]. The positions of Cat-1c
(oxidized form) and Cat-3 were the same in native-PAGE. Accord-
ing to Northern blot analysis, the level of cat-3 in ndk-1RIP-1 mu-
tants was about 6.5 times higher than that of the Wt (Fig. 2B).
Furthermore, we investigated whether the over-expression of cat-
alase-3 caused resistance to oxidative stress. The ndk-1RIP-1 mu-
tants were stimulated by, rather than resistant to, oxidative
stresses such as methyl viologen and H2O2 (Fig. 2C and D). In
ndk-1RIP-1 mutants, the growth of thick hyphae was rescued by oxi-
dative stress (Fig. 2E).
3.3. The disruption in cat-3 resulted in the development of thick
hyphae in ndk-1RIP-1 mutants
To examine whether the hyphal development in ndk-1RIP-1 mu-
tants depended on the over-expression of cat-3, we ﬁrst used the
catalase inhibitor 3-amino-1,2,4-triazole (3-AT). ndk-1RIP-1 mutants
grown in media containing 3-AT showed growth similar to Wt, and
slightly developed thick hyphae and conidia (Supplementary
Fig. 1). Furthermore, we used a cat-3 knockout mutant (Dcat-3)
to examine the speciﬁc effects of CAT-3 in ndk-1RIP-1 mutants (Sup-
plementary Fig. 2). In the ndk-1RIP-1; Dcat-3 double mutants, the
growth rates were recovered up to about 80% of the Wt ratesmutants. (A) Catalase activity assay. Crude extracts were subjected to native-PAGE
of cat-1, 2 and 3. b-Tubulin was used as a loading control. Graph indicates relative
b-tub. Relative values were calculated by normalising the values of Wt to 1.0. Each
values of mycelial growth rate with 0, 0.05, 0.1, 0.25, 0.5, and 1 mMmethyl viologen
ce tubes at 30 C. Tubes were marked once a day, and the average migration was
nd ndk-1RIP-1 mutants. (E) Hyphal growth inWt and ndk-1RIP-1 mutants after 1 day in
he thick hyphae. Scale bars indicate 50 lm.
Fig. 3. Hyphal growth in ndk-1RIP-1; Dcat-3 double mutants. (A) Hyphal growth in Wt, ndk-1RIP-1, Dcat-3 and ndk-1RIP-1; Dcat-3 mutants on solid media. Each strain was
inoculated at the centre of the plate and cultured for 2 days. The dashed circles indicate the frontier of hyphal growth. (B) Hyphal growth rates in Wt, ndk-1RIP-1, Dcat-3 and
ndk-1RIP-1; Dcat-3 mutants. (C) Mycelial growth patterns on solid medium in Wt, ndk-1RIP-1, Dcat-3 and ndk-1RIP-1; Dcat-3 mutants. Scale bars indicate 500 lm. (D) Hyphal
growth in Wt, ndk-1RIP-1, Dcat-3 and ndk-1RIP-1; Dcat-3 mutants after 1 day in liquid media. The arrow indicates the thick hyphae. Scale bars indicate 50 lm.
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hyphae and showed a growth pattern similar to Wt (Fig. 3C and D),
although ndk-1RIP-1 mutants displayed hyper-branching in the
growth pattern [13]. The thick hyphal formation rescued the nor-
mal growth pattern. Aerial hyphae and conidia were not formed
in the ndk-1RIP-1; Dcat-3 double mutants (Supplementary Fig. 3).
4. Discussion
Mycelia in Wt N. crassa are composed of two types of hyphae,
ﬁne and thick. The growth rate of thick hyphae is faster than that
of the ﬁne type. In most of the aerial hyphae, conidia developed
from thick hyphae. By contrast, the ndk-1-disrupted mutant,
ndk-1RIP-1, displayed a loss of thick hyphae, aerial hyphae and
conidia and over-expressed cat-3, an antioxidant enzyme. How-
ever ndk-1RIP-1 mutants could form thick hyphae after treatment
with a catalase inhibitor or a disruption of the cat-3 gene. These
results suggested that NDK-1 controls the expression of cat-3
and that the formation of thick hyphae is regulated by catalase.
However, ndk-1RIP-1 mutants could not form aerial hyphae and
conidia by a disruption of cat-3. These results suggest that
NDK-1 could control aerial hyphal formation and conidiation
through a different pathway than the regulation of Cat-3. Further-
more, ndk-1RIP-1 mutants could form thick hyphae after treatment
with H2O2. The cat-3 null mutant exhibited more aerial hyphae
and conidia than Wt [18]. These results suggest that cellularH2O2 functions as a signal and increased H2O2 promotes hyphal
and conidial development.
How does NDK-1 controls cat-3 at the transcriptional level?
Previously, we found a physical interaction between NDK-1
and catalases and showed that an ndk-1 functional mutant
showing a degradation of protein kinase activity, ndk-1P72H,
showed hyper-sensitivity to oxidative stress and normal in the
cat-1 and -3 expression [9,10]. NDK-1 would regulate catalases
not only at the transcriptional level but also at the post- tran-
scriptional level. NDK-1 protein has two biochemical functions,
protein kinase and NDK activity. These results indicated that
the protein kinase function could regulate catalases at the
post-transcriptional level. As demonstrated by the loss of ndk-
1, cat-3 was potentially over-expressed during stress-free condi-
tions. This suggested that the NDK activity was important for the
transcriptional regulation of cat-3. Many studies have suggested
that NDKs interact with and regulate heterotrimeric G proteins
through the NDP kinase function [3,19,20]. As preliminary evi-
dence, a strain with a mutation in adenylate cyclase, a down-
stream factor of the G protein pathway, cr-1, also exhibited
over-expression of catalase-3, similar to ndk-1RIP-1 mutants (Sup-
plementary Fig. 4). Moreover, ndk-1RIP-1 mutants showed similar
cellular cAMP levels to those of cr-1 (Supplementary Fig. 5).
These results suggest that ndk-1 could affect cr-1-controlled
cat-3 regulation. In Neurospora, NDK-1 may regulate the expres-
sion of catalase via the G protein cascade.
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